Background: Intracranial hemorrhage occurs in 20% to 25% of neonates born before the 30 th week of gestation or weighing less than 1500 grams at birth. These hemorrhages carry a risk of long-term neurocognitive damage. Measures for lowering the incidence of intracranial hemorrhage were evaluated.
T he survival chances of very premature infants have risen in recent decades (1, 2) . This change has been accompanied by an increase in the significance of morbidities in premature infants, including long-term morbidities (3) . The risk of brain damage is particularly significant (4, 5) . However, the incidence of brain damage has not fallen like that of other morbidities (2) . Hemorrhages into the germinal matrix and into the ventricle and hemorrhagic infarctions of the cerebral parenchyma are commonly denoted by the umbrella term "intraventricular hemorrhage" (IVH) (6) . Current opinion (6) is that they are caused by reperfusion following ischemia and a range of other factors. They are a specific problem in very premature infants and have significant, long-term neurocognitive consequences (7) .
Perinatal units that treat large numbers of cases seem to have a lower IVH rate (8, 9) and mortality rate (10) . However, when extremely premature infants are treated, financial constraints obviously also play a role (11) . The perinatal unit in Ulm, Germany treats a large number of preterm infants from an area that covers approximately one-fifth of the territory of the region of Baden-Württemberg, as unusually high numbers of pregnant women at risk of preterm delivery are referred there as part of the regional neonatal network (ARGE Ulm) (12) . Although comparison of the unit's neo natal figures with those of Baden-Württemberg as a whole was very favorable, with a mortality rate of 1.44% versus a median standardized mortality rate of 7.15%, the IVH rate was "only" average (13) and was within the range found in the literature (14, 15) . Prompted by the experiences of other authors (16, 17) , the decision was made to undertake an initiative to reduce the IVH rate at the Ulm perinatal unit.
The goal of this work was to evaluate whether the introduction and prospective monitoring of a bundle of measures that were in line with local procedures and had been developed on the basis of risk factors could reduce the incidence of IVH in preterm infants with a birth weight below 1500 grams (monitoring of quality of process and outcome). • Measures to be adopted directly • Measures to be examined on the basis of the literature
• Measures not to be adopted
On this basis an individual bundle of measures for IVH prevention that was specific and tailor-made to the Ulm perinatal unit was developed and revised several times. Adherence to the bundle of measures, and thus the quality of the treatment process for all preterm infants with IVH, was discussed at weekly IVH sessions that lasted approximately one hour and brought together various professional groups. By way of "devil's advocate," all issues that might have contributed to a hemorrhage were examined. In particular, discussion focused on whether the bundle of measures had been adhered to and whether there were any risk factors. Ultrasound examination of the head was performed regularly three and seven days after birth, and then at least every four weeks, and the highest grade of hemorrhage according to Papile (18) was recorded. No distinction was made between earlier and later IVH. Mortality was defined as death in hospital.
Patients
Statistical evaluation included the data of all infants receiving curative treatment with a birth weight of less than 1500 grams. Data of infants from the cohort born after the bundle of measures was introduced (August 1, 2010 to July 8, 2012) were compared with those of infants born before it had been introduced (January 1, 2008 to July 31, 2010). Infants referred postnatally to Ulm from other pediatric hospitals were excluded, because the approach taken at Ulm could not affect the onset of intracranial hemorrhage in these infants. The study design was that of an interventional cohort study. The dataset before introduction of the bundle of measures was gathered retrospectively; the dataset after its introduction was gathered prospectively.
Statistics
Statistical evaluation was performed using SigmaPlot 12.0 (Systat Software, San Jose, CA, 2011). Differences in qualitative outcomes were reported using the chi-square test; for quantitative outcomes, the t-test was used to report differences in those with normal distribution, and the Mann-Whitney rank sum test for those with non-parametric distributions. Multivariate logistic regression was performed using SAS 9.2 (SAS Institute, Cary, North Carolina) to investigate differences in the intracranial hemorrhage rate after introduction of the bundle of measures (significance level p = 0.05). The study received a favorable ruling from the Ulm Ethics Committee (no. 213/11).
Results
The IVH prevention bundle included measures concerning delivery, immediate care in the delivery room, and infants' first few days in the ICU (eBox 1). One of its major component was "minimal handling" (eBox 2), i.e. keeping intervention by physicians and nurses to the absolute minimum. It contained only changes to procedure and cannot be considered in isolation from the pre-existing standard procedure on which it was based (eBox 3). The most important differences it introduced were the following: Table 1 . Infants included in the cohorts before and after the introduction of the bundle of measures had a median gestational age of 27.4 and 28.0 weeks' gestation (wks) respectively, and a median birth weight of 910 and 962 grams respectively. The difference in gestational age is statistically significant. There were no significant differences in the following parameters:
• Rate of completed antenatal steroid cycles • Sex • Percentage of infants with dystrophy Despite lower umbilical artery pH values, the cohort before the bundle of measures was introduced had higher Apgar scores. However, subsequently these infants received catecholamines and surfactant more frequently.
Seven infants were born in other maternity units and transferred to Ulm after initial care. Two of these infants suffered intracranial hemorrhages, one before and one after the bundle of measures was introduced. These infants' data were not evaluated separately, due to the small number of cases.
The incidence of IVH fell from 22.1% to 10.5% (p = 0.002). It decreased in every grade of IVH (Figure) , all birth weight categories (Table 2a) , and almost all gestational age categories (Table 2b ). The fall in IVH incidence was not caused by an increase in mortality: The survival rate remained stable at 94%. The combined target outcome of IVH-free survival was achieved significantly more frequently. Twenty-six infants died, 13 of them less than one week after birth and 10 within one day of birth. Four of the 13 infants had not undergone ultrasound examination of the head, and three were diagnosed with grade III or IV IVH. Of the six remaining infants, one died five days after birth and five died within one day of birth. Five of these deaths occurred before the bundle of measures was introduced, and one afterwards.
The risk profile of the infants changed during the monitored period. The mean gestational age after introduction of the bundle of measures was significantly higher, and the number of infants receiving palliative care in the delivery room after 22 + 0 wks or more rose. Before the bundle of measures was introduced, two infants (0.8%) born after 22 wks received palliative care (19) . Parents decide whether treatment should be palliative or curative following non-instructional discussion using facility-specific treatment outcomes. Differences in the aim of treatment for preterm infants born before 24 wks and in the selected reference number may lead to very different results in terms of preterm infants' survival rate (20) . In this cohort, as in most information reported in the literature, the number of live fetuses in utero at 22 wks was not systematically used as the "highest common denominator." We therefore proceeded as recommended elsewhere (20) Multivariate statistical regression was performed to adjust the figures for the higher mean gestational age after the intervention. This reduced the difference in IVH incidence between the two cohorts (Table 3 ), but the difference in both the IVH rate and the IVH-free survival rate (less than 1500 grams) remained significant.
Discussion
We conducted an observational study to compare the incidence of IVH in preterm infants with a birth weight below 1500 grams in one cohort established prospectively after the introduction of a bundle of measures to prevent IVH, and one cohort established retrospectively. We observed a 50% drop in the IVH rate in all birth weight and gestational age categories after the bundle of measures was introduced, for all grades of IVH. There were no unclear categorization issues. This success was not achieved at the cost of increased mortality, for example by limiting the care provided to the most seriously ill infants.
Nevertheless, after the bundle of measures was introduced the gestational age of the infants in the study was 0.7 weeks higher, which may have acted as a confounding variable by affecting the incidence of IVH. We therefore performed logistical regression to adjust for the difference in gestational age. As expected, this showed the differences to be smaller (Table 3) . It is currently unclear why the mean gestational age was higher after introduction of the bundle of measures. After the bundle was introduced, obstetric care focused more strongly on prolonging pregnancy, whereas previously priority had been given to the prevention of perinatal infections caused by infection of the amnion. However, no increase in perinatal infections was observed. One interpretation of these data is that risk to the fetus and prolongation of pregnancy were weighed against each other more successfully, and pregnant women in whom prolongation of pregnancy would not increase risk were identified.
The reasons for the increase in infants receiving palliative care before 24 wks are unclear. Prenatal counseling of pregnant women at risk of preterm delivery before 24 wks has not changed and complies weight of less than 1500 grams at 24 + 0 wks or more. This analysis showed lower mortality and IVH incidence than in the total patient population. The effect of the intervention was smaller, but the reduction in the incidence of IVH remained statistically significant.
During the intervention period, the cesarean section rate was significantly higher and surfactant and catecholamine treatment were needed less frequently. There is evidence of an increased risk of hemorrhage for spontaneous delivery (21) , particularly in the case of fetal malpresentation (22) . Although not all working groups found this relationship (23), we have chosen cesarean section as the method of delivery when the fetus is not in vertex presentation. The decreased need for surfactant was due to higher gestational age rather than to a repeat single dose of betamethasone (24); the route of surfactant administration and indication for ventilation remained unchanged during the period examined. Both lower cardiac output (25) and treatment for arterial hypotension (26, 27) are associated with an increased rate of IVH. We suspect that the reduced need for catecholamines is related to umbilical cord milking (28) .
Limitations
This work does have methodological weaknesses. It included preterm infants who died too early to be able to develop IVH. Therefore, the combined target outcome of IVH-free survival was evaluated. In addition, five of the six deaths without IVH in the first week after birth occurred before the bundle of measures was introduced. If it were assumed that all infants who died would have developed IVH, the incidence of hemorrhage would increase more before the introduction of the bundle of measures than after it, increasing the effect of the intervention. We set the time of initial publication of the bundle of measures as the boundary between the control period and the intervention period even though individual component measures were already known beforehand as a result of the visit to Heidelberg and discussions of the working group. This was also seen in the trend towards decreasing IVH incidence. This means that the decrease in IVH incidence is more likely to have been underestimated than overestimated.
Because of the partially retrospective design of the study, the reason for the drop in IVH incidence cannot be established definitively. Currently ongoing secondary analyses aim to identify the changes that were decisive to success. In other studies, too (16, 17, 29) , it proved impossible to identify a single cause for a decrease in IVH incidence. We are inclined to attach more importance to the newly-introduced measures, particularly umbilical cord milking (30) and the additional single dose of betamethasone (31) , than to pre-existing treatment aims. However, this is currently speculative and must be tested in detailed analysis. However, it is also possible that none of the factors mentioned above play a dominant role, but rather that each individual measure has only a small effect and that they only result in success when combined. It is possible, of course, that the activities intended to prevent IVH (study of the literature, visits to another hospital, discussions and introduction of the bundle of measures, weekly sessions) sharpened all team members' awareness of the pathophysiology of brain damage. IVH is no longer seen as an unavoidable disaster (16) but instead requires critical analysis addressing the question "What should we do differently next time?" It is possible that increased awareness of the problem played the decisive role in reducing the incidence of IVH.
Other quality improvement programs (32), prevention programs (33) , and programs for the chronically ill (34) have shown that achieving success and maintaining it are two separate aims. If several measures are combined, they are harder to sustain, particularly if the activities to achieve the effect lapse or competing activities begin (35) . Ongoing improvements to the bundle of measures in order to improve quality further are made for this reason alone, but also because of changes in patients' risk profile.
In order for the success observed here to be transferable, general, transferable elements must be separated from facility-specific elements whose transferability is limited. Facility-specific elements with only limited transferability are the specific points listed in the bundle of measures mentioned here. They are like directions which we have provided for getting from location A (medium IVH incidence) to location B (low IVH incidence). These directions might be completely useless if location A is different. The abstract steps (Key Messages) are transferable.
Brain damage has a substantial impact on the life of affected infants and their families. We believe that this impact justifies major efforts to prevent IVH.
The regional care structure in the context of the regional neonatal network (ARGE Ulm) (12) results in an unusually high number of treated preterm infants with a gestational age of less than 28 wks for the
KEY MESSAGES
• Intraventricular hemorrhages in extremely premature infants are not necessarily unavoidable accidents of fate.
• The incidence of intracranial hemorrhages was successfully reduced using a prevention program consisting of the following: -Teamwork between disciplines and between professions -Examination of the literature for specific IVH risk factors -Visits to a hospital with lower IVH incidence, asking, "What do they do differently there?" -Development and implementation of a facility-specific bundle of measures -Verification of adherence to measures at weekly, structured case discussions
German federal state of Baden-Württemberg. The resulting concentration of specialized expertise, together with interdisciplinary and interprofessional communication with Heidelberg University Gynecology and Pediatric Hospital, may have played a decisive role in this success. In terms of figures, the quality improvement described here prevented 12 intracranial hemorrhages or 5.6 severe intracranial hemorrhages per year when compared to the previous incidence in Ulm Hospital (which was average for the federal region). 9.2 more preterm infants per year survive without intracranial hemorrhage. Success on this scale throughout Germany would save very large numbers of preterm infants and their parents a great deal of suffering. The lifelong costs resulting from mental (36) or physical (37) disability are high and run into the millions; costsavings would be tremendous. A prospective intervention in several large perinatal units, for example as part of a cluster randomized trial conducted by a network, would be useful in testing the efficacy of the described measures in a larger population and in reporting the significance of individual factors. At the same time, this might improve the quality of treatment for many preterm infants. 
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Prenatal
• Transportation in utero
Pregnant women from the catchment area of regional neonatal network (ARGE Ulm) who go into early labor are referred to the appropriate hospital according to the criteria established by the network. Women who go into labor before 26 to 30 weeks' gestation (wks) or who have severe additional risk factors are moved to Ulm prenatally. If pregnancy can be maintained, the situation is stable but the persisting risk of preterm delivery prevents from discharge from the hospital, patients are referred back to the hospital near their home if they have reached the agreed cut-off point for gestational age. Because of this procedure, the most premature infants are concentrated in one hospital with extensive experience as a result of its high numbers of cases. If infants meet a set of established referral criteria in Ulm after birth, they are referred to a pediatric hospital near their home until they are discharged home, in consultation with their parents.
• Obstetric approach Risk of spontaneous preterm delivery (preterm contractions with or without preterm rupture of the membranes):
-After examination for acute need for delivery (e.g. as a result of amniotic infection syndrome), begin induction of lung maturation (no repeat cycles) and oral nifedipine tocolysis -Stop tocolysis after completion of lung maturation -Decreased physical activity but not bed rest -For early rupture of the membranes, antibiotic treatment with amoxicillin/clavulanic acid for 48 hours IV, then orally for 5 days -If amniotic membranes are intact, antibiotics only on evidence of infection -For elevated infection parameters, careful monitoring, including amniocentesis, to rule out amniotic infection -For suspected amniotic infection, delivery is indicated at low-threshold. Method of delivery: normal vaginal delivery for vertex presentation, if labor is progressing well, and there is no fetal distress
Placental insufficiency:
-Induction of lung maturation, close monitoring using cardiotocography (CTG), ultrasound, and Doppler -Decreased physical activity -Delivery indicated on the strength of CTG and Doppler (e.g. severely abnormal ductus venosus, absent end-diastolic flow at 30 wks or more) -Method of delivery: usually cesarean section
• Medical staff -Senior physicians are neonatologists who have many years' experience in caring for very premature infants and who have cared for between 200 and 1000 preterm infants with birth weight <1500 grams -Experienced residents or fellows are pediatricians in training for subspecialty neonatology or already having accomplished it. They are expected to be able to perform endotracheal intubation; insertion of umbilical venous and arterial catheters, central venous access routes, peripheral arterial cannulae, and pleural drains; and resuscitation.
Delivery room
• Staff -One senior physician and at least one fellow or experienced resident (immediate care) per infant with gestational age <30 wks -Fellow / resident performs immediate care, senior physician supervises and assists -Preparation of equipment: temperature control, noninvasive and invasive respiratory support, peripheral access and umbilical vessel access, emergency equipment
• Temperature control
-Prewarmed open unit in a separate room in labor and delivery ward -No air drafts, no passage of uninvolved persons -Place infant in transparent side-opening plastic wrap without drying first -Seal wrap completely using adhesive tape, leaving face uncovered -The umbilical cord must exit the plastic wrap through a small opening. • Access routes -Peripheral venous access in all preterm infants weighing <1500 grams -Check glucose and blood gas levels -Preprepared mixture of amino acids and glucose as IV fluid -Birth weight <1000 grams or history of amniotic infection: antibiotic treatment after blood culture taken -Umbilical venous and arterial catheter for all preterm infants <26 wks and preterm infants <28 wks if expected to be needed for intubation or cardiovascular therapy -Not to be used until after radiological confirmation of correct location (transition to right atrium for umbilical venous catheter, high [target] or deep position for umbilical arterial catheter). -Blood pressure not usually measured. Volume bolus (restrictive) in case of pale skin and prolonged capillary refill time target area for first 3 days: 45 to 55 mm Hg -pH >7.20; metabolic acidosis caused by high acid levels to be treated causally; for acidosis caused by loss of bicarbonate (base excess < -8mmol/L), substitute with bicarbonate -Intubation criteria in the first 72 hours in ICU -FiO 2 >0.4 for 1 hour due to respiratory distress syndrome -pCO 2 >65 mm Hg or >60 mm Hg with significant dyspnea -Repeat episodes of apnea and bradycardia after methylxanthine therapy, noninvasive ventilation, and supportive measures have been explored
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